With the transition to renewable energies and, above all, strongly fluctuating electricity from wind and solar energy, there will be a need for energy storage in the future. For central grid-scale storages, underground geological storage, similar to those already used for fossil fuels, is in the first place under review. Compressed Air Energy Storages have already been successfully used to provide minutes to hours reserve. For storage capacities in the day to week range, storage is required on a chemical rather than a mechanical basis, through either the conversion of electricity into pure hydrogen (H 2 ) or the generation of mixtures of natural gas and synthetic methane. The latter -the so-called power-to-gas optionallows the use of the existing gas infrastructure. A likely first choice for the storage of H 2 or H 2 -SNG mixtures are man-made salt caverns. The suitability of porous rock storage (depleted hydrocarbon reservoirs or water-bearing reservoirs -aquifers) is still under investigation. Interest in porous rock storage options arises, inter alia, from the fact that many regions of Europe lack suitable salt deposits. Favorable salt deposits exist in the UK, notably in the Cheshire Basin to the west and in eastern England, with six salt cavern-hosted facilities operated as natural gas storages. In any case, underground gas storages are characterized by high safety and low environmental impact.
Introduction
The long-term security of energy supplies of large industrial countries such as the United Kingdom is based amongst other things on the availability of energy storages to balance out supply and demand. This is required at various scales ranging from second and minute reserves for power supplies, to the seasonal storage of gas supplies.
To date, energy systems have been based primarily on fossil and nuclear energy sources (coal, oil, natural gas and nuclear fuel), with the storage of large quantities of energy mainly having involved the storage of the primary energy source itself due to the extremely high volumetric energy density (kWh per m 3 ) of the fuel stored. In the case of gas storages, a high density is only achievable under high pressures as a consequence of which natural gas is primarily stored worldwide in deep underground formations, such as depleted gas fields, aquifer formations or man-made salt caverns. Figure 1 provides a schematic overview of the main underground geological storage options; the depth of these storages is usually between about 400 m and 2000 m. Two features are of note when supplying electrical energy: that generation and consumption have to be matched at all times, and that the power grid contains no storage capacities itself, unlike the case of a gas grid. To be able to satisfy the strongly time-dependent demand for power at all times, power plants are used, which are fuelled by coal or natural gas. Pumped hydro power plants as utility scale storages for electrical energy only provide storage capacity for a very limited period of time. Because of the mechanical nature of energy storage in this case, one cubic metre only stores around 1/1000 of the energy stored within one cubic metre of an underground gas storage because this stores chemical energy. Figure 2 demonstrates the enormous differences in 1 KBB Underground Technologies GmbH, Hanover, Germany 2 British Geological Survey, UK volumetric energy storage density depending on the type of storage.
There are currently four pumped hydro power plants in the UK and they have a storage capacity of 24 GWh. 2 Assuming an average grid load of around 40 GW and a daily power generation 3 of around 960 GWh, this means that this storage capacity would theoretically be sufficient for only around 36 min supply. This value should be compared with the storage capacity in the UK, e.g. natural gas, which represents between 15 and 23 days' supply. 3 The transition to renewable energies places increasing reliance upon the highly volatile nature of wind (and/or solar) power generation, where the first energy source is already electrical energy. Therefore, at a utility scale, the previous methods of outsourcing the balance power between generation and demand to fossil fuels are no longer available. Since storage demand basically consists of highly varying output and capacity scales, significantly different technologies have been developed for this purpose.
As the expected storage demand associated with a high proportion of renewable energies lies in the range of GWh to low TWh, 4 experts largely agree that these quantities can primarily only be satisfied by storages in deep underground geological formations. 5 Underground storages can store electrical energy in the form of compressed air, and then use this later on to generate power again via a turbine. Another option is to use the energy to generate hydrogen, which can later be used for either power generation or for hydrogen applications. Underground storages are the only means of simultaneously achieving enormous geometrical storage volumes and high storage pressures, and thus the high energy storage capacities required.
Here, we first briefly discuss the most important storage systems in Overview of concepts for large scale power storages in geological formations section (surface facilities combined with underground storages). Storage options in geological formations section then looks in detail at the storage options, including an evaluation of each option. Availability of suitable salt formations with a focus on the UK section looks at the specifications required for suitable geological formations for the salt caverns, which are currently the focus of attention. This is then followed by a description of the storage potential in the UK.
Overview of concepts for large-scale power storages in geological formations Introduction
The following technologies are primarily available for centralised bulk energy storage plants:
. Because the future addition of new pumped hydro plants is considered to be limited due to lack of suitable remaining sites and first of all for environmental reasons, the main focus is on the three remaining options of compressed air, hydrogen and SNG. These all involve the storage of large volumes of gas under high pressure in deep underground geological formations, which almost exclusively make use of depleted oil or gas fields, water-bearing reservoir rocks (aquifers), and man-made salt caverns (see Figure 1 ).
Underground storages have been used in Europe since the 1960s primarily for the storage of natural gas. According to the official statistics, the UK has nine facilities plus one small storage, which all can store around 6% of annual gas consumption. 3, 6, 7 The main advantages of these underground storages include:
. very high storage capacities with small surface footprints; . increased security due to very deep and thick sealing geological formations; . low specific investment and operating costs; . operating lifetimes of well over 30 years.
The technology behind today's and future storages for electrical energy based on compressed air, H 2 , or SNG storages is largely derived from tried and tested storage technologies developed for the storage of natural gas.
Underground gas storages are usually operated by compressing the storage gas during injection, and decompressing the gas again during withdrawal. The amount of gas that can be used between the maximum and the minimum operating pressure is called the working gas, whilst the amount of gas which cannot be used -the so-called cushion gas -has to remain permanently in the storage to maintain the geomechanically required minimum pressure. In the case of porous rock storage, it also provides some of the drive, but is effectively lost in the porosity -it is irretrievable.
Notwithstanding all of the advantages of underground storages, two systemic disadvantages cannot be ignored:
. The conversion of electrical energy into gas and the subsequent repowering is associated with energy losses; . Storage locations are entirely dependent on the existence of suitable geological conditions and rock types.
The concepts for the construction of a complete energy storage for each type are briefly described in the following sections. This description is limited to mature or at least largely mature technologies. Figure 3 provides a general impression of the preferred areas of application of the known energy storage technologies.
CAES
CAES is based primarily on the use of excess electrical power -e.g. wind power -to drive a compressor and inject ambient air at very high pressures into an underground storage. During energy demand peaks, electrical power can be regenerated again by withdrawing (and expanding) the compressed air when required in the turbine/generator unit.
Because compression to high pressures -a maximum of around 70 bar so far -causes a strong rise in temperature (over 600 C at 70 bar; 'heat of compression'), measures are required to considerably reduce the temperature of the air to well below 
100
C before it enters a geological storage. Two basic alternatives are available for this purpose:
. Diabatic technology: During the injection phase, the heat generated by compression is dissipated into the surroundings. During withdrawal operations, the compressed air expands and cools and therefore needs to be heated up using fossil fuels before it enters the turbine. This ensures that the air temperature does not drop below the condensation point during decompression, as this would lead to icing up of the turbine; . Adiabatic technology: The compression heat generated during injection operations is temporarily stored in a pressure-tight heat storage. During withdrawal, the stored heat is used to heat the compressed air. This requires no external source of energy, which is reflected in the much higher efficiency of the adiabatic technology of 70% compared to 42 with 54% for diabatic technology.
Diabatic. A normal gas turbine uses around two-thirds of the internally generated output to compress the combustion air. The clever concept behind a socalled CAES gas turbine power plant is to outsource the compression work to an external compressor/ compressed air storage unit. Instead of using fossil fuel, the compression can be done in advance, using excess wind power. This has two advantages:
. Reducing CO 2 emissions by up to 60% 8 ; . Not having to switch off excess wind power.
A diabatic CAES plant is not really a pure energy storage, but rather a hybrid consisting of a gas turbine and a gas storage. Figure 4 shows the basic principle by the example of the Huntorf CAES plant.
Two grid-scale CAES plants have been operated so far around the world: the 321-MW plant at Huntorf, 9 Germany, and the 110-MW plant at McIntosh, Alabama, USA.
10 A third CAES plant is currently being planned near Larne, Northern Ireland. The plant at Huntorf is primarily used today for providing the power grid with minute reserves: to for instance balance out deviations between day-ahead-forecasts for wind power and actual production. The plant in McIntosh was primarily planned for balancing out grid loads over a weekly cycle, which is why an additional recuperator was installed to use the waste heat.
The most important technical specifications are summarised in Table 1 . Figure 5 shows an aerial photograph of the CAES plant in Huntorf.
Adiabatic. The concept of an advanced adiabatic (AA) CAES was developed at the beginning of 2003 as part of an European Union (EU) project -a compressed air storage without the requirement for external fossil fuel. This work was continued in 2010 as part of the ADELE project, 12 which had the aim of constructing a 90 MW/360 MWh demonstration plant. Figure 6 shows the layout of the proposed plant.
The main challenges concerned the development of the storage components:
. Compressors and turbines that work at temperatures of over 600 C and can also simultaneously withstand the temperature fluctuations over minute cycles because the storage was planned to be used as a minute reserve; . Heat storage for very large quantities of heat at high pressures of up to 100 bar and temperatures of up to 600 C with at the same time the lowest possible pressure losses for the air flowing through the heat storage. At the end of the project, comprehensive development work was undertaken, which was able to verify the basic feasibility and provide reliable estimates on the expected efficiency and in particular, also the costs. The project was shelved, however, because no economic operation seemed possible in the foreseeable future.
14 Typical areas of application of CAES power plants. These are:
. Optimising the use of conventional power plants, to avoid, e.g. powering down during weak load periods;
. Providing positive as well as negative load during short-term deviations between forecast and actual output generated by wind power plants; . Black start capacity.
Power-to-Gas -Based on green hydrogen
Due to increasing installation of wind power and photovoltaic plants, it became clear early on that the previously known technologies for the utilityscale storage of electrical energy on a mechanical basis would not be able to cover the expected longterm demand for storage capacity, due to their low volumetric energy density. One solution is the use of a chemical energy source such as hydrogen, whose volume-related energy storage density is around 2 (!) orders of magnitude higher.
Direct use of green hydrogen. Converting electrical energy to chemical energy in the form of a gas opens up completely new applications which go well beyond repowering alone. Hydrogen for instance can also be used for mobility applications (fuel cells), and in the chemical industry -applications with much higher levels of efficiency: whilst 1 kWh of wind power results in only 0.3 kWh to 0.5 kWh when used for repowering, the same volume of energy in mobility and industry can replace up to 1 kWh of fossil fuel! 15 The particular advantage of converting into hydrogen in comparison with hydrocarbon gases such as methane lies in the fact that in addition to the electrical input, only water is required -in other words, no hydrocarbon source -and that no CO 2 is released during combustion. Unlike the power-to-gas option described in the following section, the direct use of hydrogen does, however, require the establishment of a separate supply infrastructure. Figure 7 shows a simplified diagram of the generation, distribution, storage and use of green hydrogen.
Power-to-gas system. The future need for chemical energy storage led in recent years in Germany in particular to the development of the power-to-gas concept. 16 The basic principle behind the idea is to use the already existing extensive natural gas infrastructure (transport grid, compressor stations and underground storages), to mix in green hydrogen, and therefore replace the corresponding amount of natural gas needed to provide the same amount of energy. Because the proportion of hydrogen in the mix has to be limited to 5% or even less because of the current technology, 17 methanation is an option for increasing the proportion of H 2 . The Sabatier process turns hydrogen and carbon dioxide into SNG, which can then be injected at any ratio into the natural gas grid. The power-to-gas concept is under development in a number of pilot projects for many years, such as in Falkenhagen, Germany. 18 
Storage options in geological formations Introduction
The following represent the main options for the storage of gases in deep underground geological formations:
. Depleted gas or oil fields;
. Natural water-bearing reservoirs (aquifers); . Man-made salt caverns; . Rock caverns excavated using conventional mining techniques; . Abandoned underground mines.
Whilst the selection of an applicable technology for surface facilities primarily depends on the suitability and the costs, the availability of suitable formations is the crucial factor when underground storages are considered.
Depleted hydrocarbon reservoirs
Depleted natural oil fields and primarily gas fieldssee Figure 8 -can be used for the storage of gases if certain conditions are satisfied. The gas tightness of the caprock is confirmed by the existence of the field over long periods of geological time. Moreover, the reservoir has already usually been well researched during the previous exploration and production activities. The conditions that need to be satisfied when converting a reservoir into a storage are mainly that it is located at a suitable depth (usually between about 500 m and 2000 m), and that the rock has adequate permeability and porosity. Because flow rates are limited by the resistance of the pore matrix, numerous wells have to be drilled from the surface.
Depleted oil and gas reservoirs are primarily used for the seasonal storage of natural gas with only a few injection and withdrawal cycles, which means that they are less suitable for flexible operations. The ratio of around 1/1 between the working gas and the cushion gas is generally unfavourable; beneficial aspects are the low specific investment costs. The usual working gas volumes involved can range from less than 1 million m 3 to several billion m 3 . 19 Large volume natural gas storages in depleted oil and gas fields have been successfully operated since 1916. They are the dominant storage type world-wide, and account for around 81% with respect to the stored natural gas volume (as at 2014). 20, 21 Three facilities are currently operated in the UK with a total storage capacity of 3.47 billion m 3 gas.
3,22 This equates to around 35 TWh. The use of depleted oil and gas fields to store compressed air is associated with some technical challenges: because residual hydrocarbons remain in the reservoir, the injection of air can give rise to the formation of ignitable gas mixtures. Another risk involves the reaction between the oxygen and the mineral constituents of the reservoir rock, which can lead to oxygen depletion. There is also the potential for bacterial/microorganism growth with the introduction of air/oxygen to the reservoir.
The storage of hydrogen in depleted oil and gas fields is also complex. Experience gained from the storage of town gas, which contained a hydrogen proportion of more than 50%, in addition to methane, nitrogen and carbon monoxide, indicates the problems that can arise: there are reports of reactions of the highly reactive gas with the in situ constituents of the reservoir. This gave rise to problems including a reduction in the transmissivity of the reservoir, and corrosion of the wells. 11 Contamination of hydrogen by the remaining hydrocarbon residues, and the possible reaction of hydrogen with the in situ reservoir constituents (rock and microorganisms), could also give rise to problems. The latter might cause hydrogen depletion, as well as blockages of the fine flow paths in the pore spaces. Several research projects are currently looking at this problem. 23 Another aspect concerns the access wells designed originally for the production of natural gas: the steel types and cement used in the casing tend not to be suitable for hydrogen operations because of potential hydrogen corrosion and leakages due to the very high mobility of hydrogen. Testing is also required to ensure that the tightness of the cover rock above the reservoir proven for natural gas is also valid for hydrogen.
Aquifer formations
Aquifers are also porous and permeable, but otherwise exclusively water-bearing rock formations, which could possibly be used for gas storage if a suitable reservoir with adequate porosity and permeability, caprock and trapping structure exist. The only difference between aquifer structures and the hydrocarbon reservoir sketched out in Figure 8 is that the pore space never contained any hydrocarbons. The injection of the storage gas displaces water into the deeper lying parts of the aquifer, creating a gas cap.
Unlike the situation in depleted oil and gas fields, the suitability of an aquifer formation for gas storage first has to be verified by carrying out extensive and expensive exploration and testing activities. Apart from this, the properties and operation of an aquifer gas storage are largely analogous to those of a storage in a converted oil or gas field.
The use of aquifers for storing natural gas has established itself as standard technology world-wide since the 1930s. With a proportion of 13% of globally stored natural gas, aquifer structures are the second most important storage technique. 20, 21 The potential for aquifer storage exists in the UK. However, the availability of salt beds and depleted fields, together with the associated costs of aquifer storages and environmental concerns such as accidental pollution of potable waters, means it has not been developed to date.
World-wide, there has been a high level of interest for some time in the use of aquifers for the storage of compressed air, because unlike the conditions in a hydrocarbon reservoir, there is no risk of the compressed air mixing with residual hydrocarbons.
However, reactions between the oxygen in the air and the existing mineral constituents of the reservoir rock and microorganisms are also possible here, and thus the risks described above -such as oxygen depletion, and increasing the flow resistance in the reservoir -could jeopardise the proper functioning of the storage. Science and industry have for a long time been researching the issues involved in storing compressed air in aquifers. As part of a research project at Pittsfield in the USA, 24 compressed air was injected into an aquifer via a test well over a period of several years and subsequently withdrawn. Evaluation of the measurement results, however, revealed a considerable amount of oxygen depletion. A 270-MW CAES plant in Iowa, USA, planned over a period of eight years, turned out to be unrealisable as extensive investigations revealed the geological limitations of the sandstone reservoir. 25 In a similar way to former oil and gas fields, the storage of hydrogen in aquifer structures is also associated with the risk of chemical reactions taking place between the hydrogen and the mineral constituents and microorganisms in the reservoir. This is associated with the risk of the loss of storage medium and the proper functioning of the storage. Problems associated with chemical reactions in aquifers in particular were revealed by the storage of town gas.
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Verification is also required that the rock formations surrounding the aquifer structure are tight with respect to hydrogen. An important advantage of an aquifer compared to a hydrocarbon reservoir is the absence of any hydrocarbon residues which could contaminate the hydrogen. 
Man-made salt cavern
Salt caverns are enormous cavities constructed in thick underground salt deposits by a process known as solution-mining: water is injected from the surface into the salt rock via a cased well and dissolves the salt to create a cavity. The brine produced in this way can either be used for industrial applications or disposed of in an environmentally friendly way in sea water or injection into saline aquifers. Depending on the technical parameters, operational requirements and geological conditions, geometrical volumes of a few 100,000 m 3 up to 1,000,000 m 3 and even more have been created in this way. Together with high operating pressures of up to 200 bar and more, this enables the storage of very large volumes of gas. Figure 9 shows the construction of a salt cavern.
Because of the favourable physical properties of the salt, the construction and operation of very large unlined storages are possible, which are not only stable for very long periods of time, but also tight and inert with respect to liquid and gaseous hydrocarbons, as well as to oxygen and hydrogen. Many salt structures have been well explored as a result of exploration for hydrocarbons and salt, which means that the additional exploration effort required is usually much lower when compared to aquifers.
Salt caverns are used for seasonal storage but increasingly for gas arbitrage, where flexibility on a daily to weekly basis is required: they are capable of high injection and withdrawal rates, which permit a high number of storage cycles, so that they can also be used for daily peak shaving. The ratio of working gas to cushion gas when storing gas in salt caverns is a favourable 2/1.
The use of salt caverns for storage really took off in Europe and the USA in the 1970s. The main storage media were fossil fuels such as natural gas, crude oil and their products (fuel, liquefied gas), but also Figure 9 . Solution mining of a salt cavern. 1 hydrogen and compressed air. There are currently seven storage facilities for natural gas in the UK, which have a capacity of up to approx. 1 billion m 3 gas. 3, 6, 20 Other smaller salt caverns, e.g. in Teesside, are used for storing gas and liquid hydrocarbons. 26 Globally, salt caverns rank third accounting for 6% (as at 2014) of natural gas storages. This reflects the regional geological conditions as well as the higher specific investment costs. Because of the presence of excellent salt deposits in Germany for instance, salt cavern storage plays a much bigger role there in percentage terms. 20, 21 The construction of salt cavern storages has grown considerably in recent years as a consequence of the liberalisation of the energy market, because gas trading requires flexible storages with frequent cycles. A similar growth in demand is expected with the increasing installation of wind power and photovoltaics facilities, and their associated strongly fluctuating power outputs.
Salt caverns offer ideal conditions for compressed air storages because the rock salt is inert to oxygen, and the completely open cavity enables very high flow rates, unlike porous reservoirs, and therefore also supports a great deal of flexibility. As already mentioned, salt caverns have already been used for many years as compressed air storages.
The first salt caverns for hydrogen storage were constructed in Teesside, UK, in 1971/1972, and are still in operation today. Three more hydrogen caverns were constructed in the USA in the 1980s and after the turn of the millennium. The existing hydrogen caverns are used by the petrochemical industry.
Man-made rock caverns
Rock caverns are conventionally mined underground cavities generally excavated in very stable, hard rock formations, e.g. the large granite bodies in Scandinavia. The storage consists of a system of access shafts or ramps, and interlinked caverns. Some rock masses are gas tight, but generally the host rock, whilst stable, has fractures and joints and is not tight with respect to liquids and gases. Gas tightness is provided by the hydrostatic pressure of the water in the overlying rock mass. In this way, groundwater above the storage percolates through the cracks and into the storage preventing the gas from leaking upwards. The water is collected in sumps at the base of the cavern and is then pumped up to the surface again. Water curtains are sometimes constructed, whereby a system of holes are drilled above the storage, into which water is pumped to increase the hydrostatic pressure.
An alternative sealing method developed in Sweden for the storage of natural gas is the so-called lined rock cavern (LRC) concept which -in basic terms -means lining rock caverns with a sheet of stainless steel to guarantee the tightness. 19 With this technology, adequate degrees of tightness and high storage pressures can be achieved even at relatively shallow depths, and thus create conditions for the storage of large volumes of working gas. Unlined rock caverns have been used in the USA and Europe since the 1950s for the storage of liquid hydrocarbons. Most of these were constructed in Scandinavia because of the favourable geological conditions that exist there and one natural gas storage currently operates at Ha´je in the Czech Republic. There are also rock caverns in Saudi-Arabia and East Asia. 19 The LRC concept was implemented in Sweden in 2004 with a demonstration cavern (40,000 m 3 ). 27 In 1985, two 'caverns' were constructed 200 m down in the Chalk at Killingholme in the UK, to provide an LPG storage facility, which is still operational today.
Rock caverns have not been used so far for the storage of compressed air at a grid-scale. However, this has been the subject of scientific discussions and research for many years. Storing hydrogen in rock caverns has also only been considered so far. Because of the high mobility of hydrogen, it is highly probably that only LRCs may be considered, if at all.
Abandoned mines
Abandoned mines in which natural resources such as coal, salt or limestone were previously mined, can under certain circumstances also be converted into gas storages if the underground workings are in a very homogenous, tight and stable rock type. Critical aspects here are verifying the tightness of the entire mine under pressure, and the presence of pressuretight seals between the storage and the access shafts.
For these reasons, abandoned mines are only used on very few occasions compared to the other storage options. Abandoned coal mines have been used to store gas at Anderlues and Peronnes in Belgium and at Leyden in the USA, but all have closed. Only one former salt mine in Europe is currently used for natural gas storage, and is located at Burggraf-Bernsdorf in Germany. 19 Around 5 million m 3 of natural gas is stored at a depth of 580 m under a pressure range of 12 to 36 bar. 28, 29 A 2700-MW CAES plant was for many years planned in a former limestone mine in Norton, Ohio, USA, providing a geometrical volume of around 10 million m 3 . 30 This project seems to have now been abandoned. Hydrogen storage has also not yet been realised in an abandoned mine, and is not the subject of any serious scientific discussion.
Summary
The various technologies available for the geological storage of gases -primarily natural gas -under high pressure differ in terms of their properties. Figure 10 compares the most important storage options for gas with respect to potential use for compressed air or hydrogen. In principle, modern gas storages in geological formations, whether salt caverns or natural reservoirs, are characterized by very high safety, particularly due to the location deep under the surface and by little impact on the environment.
Even though pore storages (depleted oil or gas fields, aquifers) dominate world-wide, the additional construction of new natural gas storages in Europe and the USA in recent years has concentrated on salt caverns. This is primarily because they provide the important higher flexibility with respect to turnover frequency and the high injection and withdrawal rates required for rapid cycle trading storages. Because these are the same criteria which are needed for compressed air or hydrogen caverns, salt caverns have again been the main focus so far of existing and definitely planned projects. Another reason for preferring salt caverns is that unlike natural pore storages, no reactions are expected with the host storage rock or microorganisms.
Despite these basic advantages in favour of salt caverns, significant research is still being done on the use of pore storages for storing compressed air and hydrogen. 23 There are two important reasons for this:
. No suitable salt deposits for the construction of gas caverns are available in many regions with a demand for storages (e.g. southern Germany, central France); . Natural gas grids -in the UK as well as in Germany -include pore storages as well as salt cavern storages. If hydrogen is added to the natural gas as part of the power-to-gas technology, this means that all storages will be supplied with the same gas mixture. At the current state of development, this would mean only being able to mix in 5 % hydrogen as a maximum, because the impact of hydrogen on the pore storages has to be taken into consideration.
Availability of suitable salt formations with a focus on the UK 31 
Introduction
Important halite (rocksalt/salt: NaCl) deposits are present on all continents and in sequences of Precambrian to Quaternary in age. 32, 33 Across Europe, conditions favourable to the formation of important salt deposits existed in many areas during Permian (both Rotliegend and Zechstein), Mesozoic (mainly Triassic) and Tertiary times (see Figure 11 ). Figure 11 also shows the location of existing salt cavern facilities, illustrating areas favourable for the construction of caverns.
Permian (Rotliegend and Zechstein) formations
A thick sequence of Permian (Rotliegend and Zechstein) sedimentary evaporitic and siliciclastic rocks was deposited in the European Permian Basin. This basin extended over 1500 km across Northwestern and Northern Europe and comprised two E-W -trending basins: the smaller Northern and larger Southern Permian basins (NPB and SPB). The NPB stretched from the coast of Scotland to Denmark, within which over 1500 m of sediments of Lower Permian (Rotliegend) age accumulated. Evaporites are of restricted extent and from a UK perspective absent, with the Rotliegend un-prospective for storage purposes. However, storage caverns exist in Rotliegend salt beds with high insoluble content at Kiel, north Germany. 33 The SPB extended from Yorkshire (UK), across the southern North Sea, through Germany and Poland to the Russian border in the east. From the UK perspective, salt deposits of Rotliegend age in the Southern North Sea are of limited extent and thickness, making them unsuitable for cavern construction. No salt deposits of Rotliegend age exist in the UK onshore area. The overlying Upper Permian (Zechstein) deposits are more widespread, extending across much of northwest Europe. Halite beds were deposited in both the NPB and in particular the SPB, where thick, clean salt beds accumulated during five major depositional cycles (Z1-Z5). The Zechstein salt beds are now extensively deformed by post-Permian salt movement (halokinesis), such that their thicknesses range from less than 50 m in zones of extreme withdrawal, to greater than 2500 m in the major diapiric salt structures. 34 To date, the overwhelming majority of gas storage cavern facilities (some 23) are hosted in the thick Zechstein deposits and salt domes of Germany. Salt domes also exist in the Netherlands and Poland, although the bedded salt tends to be too deep for the purposes of gas storage in these areas. In the UK, between Teesside and the Humber, the region lay on the western margins of the SPB, the result being that the sequences of purer Zechstein salts are much thinner than on the Continent and are also interbedded with thick dolomite, mudstone and anhydrite-dominated formations. However, Zechstein Z3 salts have been worked for brine on Teesside, with former brine caverns converted to gas (including hydrogen) and liquid hydrocarbon storage in the Saltholme and Wilton brinefields. Further south, gas storage facilities are operational in salt caverns constructed in older salts of Z2 age at a depth of around 1800 m at Hornsea (Atwick) and Aldbrough (see Figure 12(a) ).
Offshore, in a series of major salt diaper structures across the Southern North Sea, potential exists for cavern-hosted storage facilities, although unlike in Germany, no sites have been proposed or developed to date. In the more restricted NPB, salt was deposited and suffered halokinesis and in Denmark, a salt cavern gas storage facility has been constructed in a salt diaper at Lille Torup. In the UK offshore area, the NPB provides very limited prospectivity for salt cavern storage facilities.
Restricted areas of Permian age salt deposits are also proved offshore in the East Irish Sea 35 and in Northern Ireland between Larne and Islandmagee, where they are very pure. They occur at around 1500 m depth and are the proposed host to a 5 bcm, seven cavern, natural gas storage facility. A CAES facility is also under consideration close by.
Mesozoic (Triassic) salt formations
Halite beds of Triassic (Bunter, Muschelkalk, Keuper) age are found across Europe and have been worked both for brine and used to store hydrocarbon products in eastern and southwestern France, The Netherlands, Germany, Austria, Switzerland, Spain and western Portugal. However, it is only in the latter country that salt caverns have been constructed for gas storage in salt beds of Keuper, i.e. late Triassic age at Carric¸o on the Iberian Peninsula (see Figure 11) . Previously, many of the Triassic deposits have been considered unsuitable for the construction of gas storage caverns, but the growing demand for storage capacities at some localities in Spain, France and Switzerland could mean their potential is further explored. Figure 11 . Salt deposits, brine production and salt cavern storage sites across Europe. 1 Onshore in the UK, salt beds of Late Triassic age were deposited in several linked, fault-controlled basins that extended northwards from the Dorset area, through Somerset, the Worcester Basin, West Midlands (Staffordshire salt fields) into the Cheshire Basin. 36 From there they extended north-westwards across the Wirral area, up the NW coast to the Preesall and Walney Island saltfields in NW England (see Figure 12(b) ). Here they represent the thinner, basin margin deposits to very significant bedded Triassic salts developed offshore in the Irish Sea, and in which it is proposed to develop the 1 bcm 'Gateway' salt cavern-hosted gas storage facility.
In the majority of UK onshore basins salt beds, when present, are often aerially restricted too thin, shallow and/or impure to be considered for gas storage (e.g. Somerset, Worcester, Staffordshire, and proved in boreholes in eastern England [e.g. Lockton East #1] and the Carlisle Basin in NW Cumbria [Silloth #1] 36 ). However, significant massively bedded Triassic halite deposits with storage potential are proved in three principal areas (see Figure 12 (b)):
. Wessex Basin -Dorset and extending offshore into the English Channel, where the occurrence of halite beds was unknown until proved in boreholes drilled during hydrocarbon exploration in the 1970s and 1980s. The halite beds have been assessed for storage purposes, but found to be very deep (up to 2.5 km) and, particularly in the upper half, contain very high insoluble contents and interbedded mudstones; . The Cheshire Basin, representing the most important onshore development of bedded Triassic halite beds, contains two main sequences -the older Northwich and younger Wilkesley halites. Both series of halite beds have been, and are currently exploited for, brine. The Northwich Halite, over 280 m thick in places and reaching depths of &1500 m in the deepest parts of the basin, also hosts a number of operational salt cavern gas storage facilities (see Figure 12 (b)) at depths between &250 m (Hole House/Hilltop Farm) and &600 m (Holford and Stublach). The salt beds contain often high percentages of insoluble material and interbedded mudstones up to 10-m thick, which hinder the solution mining process and restrict cavern volumes; . The Preesall Saltfield in Lancashire, contains the lateral equivalent of the Northwich Halite in Cheshire and as alluded to, represents the thinner, basin margin deposits to an important salt basin developed offshore in the East Irish Sea. Historically, salt has been exploited for brine and gas storage caverns are currently being planned at depths of between 280 m and 500 m.
Laterally very variable, but locally thick, Triassic halite beds are also proved in Northern Ireland, where they have been worked in dry mines in the Carrickfergus Saltfield (e.g. the Kilroot Mine). To the north, salt beds in the Larne area and extending offshore into the North Channel-Irish Sea, are both thicker and deeper and have been considered for gas storage purposes. However, focus has turned to the deeper and cleaner Permian halite beds also present thereabouts.
Offshore, Triassic halite beds occur in a number of sedimentary basins around the UK continental shelf area (see Figure 12(b) ). The planned Gateway storage in the Irish Sea has so far not been realized due to the technical challenges and resulting costs. For similar reasons, Triassic salt beds elsewhere offshore e.g. in basins of the Celtic Sea area 35 are likely to offer little in terms of storage potential.
Onshore salt formations of Tertiary age in Europe are of limited extent and very localised (see Figure 11) , with most containing strongly tectonised, bedded salt sequences. 32, 33 However, all have been exploited at least for salt production; in Southeastern France they are also used for natural gas storage (in Etrez, Tersanne and Manosque). In Romania and southern Italy, Tertiary salt beds are deformed into salt domes and assumed to be both thick enough and at suitable depths for the construction of gas storage caverns. 32 No Tertiary salt deposits exist in the UK onshore or offshore areas.
